The microbiological interactions of the roots of non-photosynthetic plants in South America have been scarcely explored. This study analyzes culturable fungal diversity associated with the mycoheterotrophic plant Arachnitis uniflora Phil. (Corsiaceae) in southern Chile, growing in two different understoreys of native (Nothofagus-dominated) and mixed forest (native, Cupressus sempervirens, and Pinus radiata). Rhizospheric and endophytic fungi were isolated, cultured, and purified to identify microorganisms associated with A. uniflora roots. We showed the different fungi associated with the plant, and that these distributions are influenced by the sampling site. We isolated 410 fungal strains (144 endophytic and 266 from the rhizosphere). We identified 13 operative taxonomical units from plants sampled in the mixed forest, while 15 were from the native forest. Rhizospheric microorganisms were mainly related to Penicillium spp., whereas some pathogenic and saprophytic strains were more frequent inside the roots. Our results have also shown that the fungal strains are weak for phosphate solubilization, but other pathways such as organic acid exudation and indole acetic acid production can be considered as major mechanisms to stimulate plant growth. Our results point to new fungal associates of A. uniflora plants reported in Andean ecosystems, identifying new beneficial endophytic fungi associated with roots of this fully mycoheterotrophic plant.
Introduction
In spite of land plants being considered autotrophic, there are almost 400 fully mycoheterotrophic species distributed across 87 genera [1, 2] . These plants completely depend on the carbon provided by a mycorrhizal fungus (as well as other mineral nutrients) throughout their life cycle [3] . They act as parasites on fungi with little benefits for the associated mycobionts [4] [5] [6] . Mycoheterotrophy is characteristic of non-photosynthetic plants, although some photosynthetic species may also show partial mycoheterotrophy, especially in the early developmental stages where seeds and plantlets do to the rhizome was obtained to perform isolation of rhizosphere microorganisms. Furthermore, bulk soil samples were collected (0-20 cm deep) to perform a chemical characterization.
Isolation and Characterization of Rhizospheric and Endophytic Fungi
Isolation of endophytic and rhizospheric fungi was performed according to Blain et al. [24] with few modifications. To isolate rhizospheric microorganisms, the entire rhizome of four plants (<10 mm) from each sampling population and 500 mg of adhering soil were placed in a 500 mL Erlenmeyer flask containing 300 mL of phosphate saline buffer (PBS; 1.2 g L −1 K 2 HPO 4 , 0.18 g L −1 KH 2 PO 4 , 8.5 g L −1 NaCl) and placed in an orbital shaker for 45 min at 180 rpm. After that, the rhizospheric soil solutions were serial diluted into dilutions from 10 −1 to 10 −5 in sterile distilled water (1 mL of rhizospheric soil solution diluted in 9 mL of sterile distilled water). Then, 500 µL of the dilutions 10 −3 , 10 −4 , and 10 −5 were plated in triplicate into Petri dishes containing 30 mL of modified potato dextrose agar (PDA; plus 100 mg L −1 streptomycin) and modified Murashige and Skoog (MS; 50% salt concentration) according to Faria et al. [25] . Plates were incubated at 25 ± 1 • C until individual strains were detected. Fungal strains were excised from the original plates and purified. All rhizospheric microorganisms were stored in PDA at 4 • C for further analyses.
Endophytic microorganisms were isolated after a superficial disinfection of the entire rhizome with a solution of 3 mL of sterile distilled water, 1 mL of sodium hypochlorite (5% chlorine), and 1 mL of 100% alcohol (for each 5 mL of solution) for 5 min, followed by five washes in sterile deionized water. An aliquot of 500 µL of the last wash was plated in PDA and MS media to rule out the presence of rhizospheric microorganisms in the samples. Four superficially sterile rhizomes (<10 mm) per sampled population were suspended in 50 mL of 1/10 (m/v) sterile PBS, according to Blain et al. [24] with few modifications. The rhizomes and the buffer were ground and mixed using a sterile mortar and pestle. After that, the mixture was serial diluted into dilutions from 10 −1 to 10 −5 in sterile distilled water. Then, 500 µL of the dilutions 10 −3 , 10 −4 , and 10 −5 were plated in triplicate into Petri dishes containing 30 mL of modified PDA or modified MS. Plates were incubated at 25 ± 1 • C until individual colonies or strains were detected. Fungal strains were excised from the original plates and purified. All endophytic microorganisms were stored at 4 • C for further analyses.
Microscope slides were prepared to inspect the morphology of fungal colonization inside A. uniflora rhizomes according to Herrera et al. [9] and visualized in a scanning electron microscope SU 3500 (Hitachi, Tokyo, Japan) at a work distance of 5-7.2 mm.
Molecular Identification of Fungi
Morphological features such as the color and growth rate of the fungal strains were used to classify the isolates and one representative strain per group was selected to perform the molecular identification. DNA from the isolates was extracted from liquid cultures in potato dextrose broth (PDB). The fungi were inoculated in 50 mL Falcon tubes containing 20 mL of PDB and cultured for 10 days in an orbital shaker at 150 rpm and 25 ± 1 • C. Falcon tubes containing fungal mycelia were centrifuged at 10,000 rpm for 5 min and the supernatant was removed. The pellets were washed three times with distilled water, followed by centrifugation at 10,000 rpm for 5 min between each wash. Approximately 100 mg of fungal mycelia were ground to a fine powder using liquid nitrogen and a sterile mortar and pestle. The ground mycelia were subjected to DNA extraction using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. PCR primers were designed to amplify the internal transcribed spacers by using the ITS1 and ITS4 primers according to White et al. [26] . The PCR cycle consists of an initial denaturing at 95 • C for 5 min, followed by 35 cycles of denaturing at 95 • C for 1 min, annealing at 56 • C for 1 min, extension at 72 • C for 1 min each, and final extension for 5 min at 72 • C. PCR products were checked on 2% agarose gel stained with GelRed ® (Biotium Inc., Fremont, CA, USA). Sequencing was performed by Macrogen (Seoul, Korea).
BLAST searches were conducted to find the closest match, accepting the genus and species classification according to Chen et al. [27] . When the isolate matched with Penicillium spp. strains, the specific primers Bt2a and Bt2b were used to confirm species assignation, according to Samson et al. [28] and submitted to the GenBank database. To perform estimation of the operational taxonomic units (OTUs), the ITS sequences were aligned using the ClustalW software [29] and the gaps and deletions were eliminated using the BioEdit software [30] . The similarity matrix was obtained in the ClustalW software and the OTUs was assigned by manual comparison at 97% sequence similarity.
Screening of Plant-Growth-Promoting Traits
Phosphate solubilization and production of indole acetic acid (IAA) were estimated according to Ahemad and Khan [31] and Khalid et al. [32] , respectively. Additionally, the production of low-molecular-weight organic acids was determined by RP-HPLC, as described in Herrera et al. [33] with modifications. Briefly, liquid cultures from the fungal isolates were performed in PDB media and incubated in an orbital shaker at 140 rpm and 25 ± 1 • C for seven days. The resulting solution was filtered (0.45 µm), freeze-dried, re-suspended in 500 µL deionized sterile water, and filtered again (0.22 µm). Calibration curves were prepared using an organic acids kit (47264, Supelco, Bellefonte, PA, USA). Chromatographic analysis was carried out in a HPLC (Shimadzu CTA-20AC, Kyoto, Japan) equipped with a UV-visible detector. Separation of organic acids was done in a C-18 reverse phase column (MultoHigh 100 RP-18, 5 mm particle size, CS-GmbH, Langerwehe, Germany). The mobile phase was 93% (v/v) 25 mM KH 2 PO 4 at pH 2.5 and 7% (v/v) methanol, with a flow rate of 1 mL min −1 , according to Cawthray [34] .
Data Analyses
For community analyses, data from the frequency of microorganisms from the two sampling points were pooled and analyzed as independent units as described in Koizumi et al. [35] . The frequency of fungal operative taxonomic units (OTUs) in the rhizomes and the relative occurrence were estimated. Furthermore, Shannon's and Simpson's species diversities were estimated using EstimateS version 8.2 Xing and Guo [36] and the Margalef's species richness was calculated according to Yuan et al. [37] , by manual calculation. The architecture of the potential mycorrhizal fungi shared between the sampled populations was constructed based on the Fruchterman-Reingold algorithm as defined in Jia et al. [38] using the R software (R Core Team 2018; https://www.R-project.org; igraph package [39] ).
Quantitative data were analyzed by ANOVA. If the p value indicated significant differences between treatments (p < 0.05), post hoc pair-wise comparisons were performed, using the SD of means and Tukey's multiple range test. Statistical significance was set at p < 0.05. All statistical tests were conducted using the R software (R Core Team 2018; https://www.R-project.org).
Results

Sampling
Soil chemical characterization, plants, and sporocarp of fungal species from the two sampling sites are described in Table 1 . The nitrogen, phosphorous, potassium, and soil organic matter were greater at sampling point 1, which relates with the high diversity of plant species colonizing the sampling site. We showed a different number of A. uniflora individuals growing in the two different understoreys. More A. uniflora individuals were found at sampling point 1 (27 plants/m 2 ) in spite of the populations being smaller (height 14 ± 2.6 cm); whereas at sampling point 2 we showed that A. uniflora plants were fewer (12 plants/m 2 ) but bigger (height 19 ± 1.5 cm). Sampling point 2 was dominated by P. radiata and showed the presence of various ectomycorrhizal fungi, whereas sampling point 1 showed more native plant species and a smaller diversity of ectomycorrhizal fungi ( Table 1 ). The rhizome of the A. uniflora plant showed dense external and internal colonization of fungal hyphae, with fungal mycelia outside and inside the root (Figure 1 ). Hyphal coils, external mycelia, and intracellular colonization were shown, but there was no detection of arbuscules or vesicles inside the analyzed roots ( Figure 1 ). 
Isolation of Fungi
A total of 415 fungal strains were counted, of which 142 and 273 were isolated from the soil of sampling point 1 and 2, respectively ( Table 2 ). We isolated 266 fungal strains from the rhizosphere and 144 fungal strains from the roots (endophytes). Margalef's richness index and Shannon's diversity index of the fungal isolates were greater in A. uniflora plants from sampling point 1, despite there being more abundance of fungal strains in sampling point 2 ( Table 2) . After molecular identification based on BLAST alignments, 18 OTUs were defined (Table 3) . At sampling point 1, ITS sequences of isolates AF01, AF03, AF06, AF07, AF08, AF09, AF10, AF17, and AF21 showed high similarity with different Penicillium spp. strains ( Table 3 ). The isolate AF02 showed high similarity with an orchid mycorrhizal fungi isolated from the partially mycoheterotrophic orchid Limodorum abortivum and was classified as Rhizoctonia sp. Fungal sequences from the isolates AF04, AF22, AF23, and AF24 showed high similarity with potential plant fungal pathogen strains and were classified as Fusarium sp., Phoma sp., Paraboeremia sp., and Podosphaera sp., respectively ( Table 3 ). The isolates AF05 and AF11 showed high similarity with the saprophytic strains Ganoderma australe and Trametes versicolor, respectively ( Table 3) . T. versicolor, Penicillium pancosmium and Penicillium exsudans were more frequent in the rhizosphere of the sampling point 1 (frequency of 0.11, 0.08, and 0.09, respectively), whereas Penicillium montanense, Phoma sp., and G. australe were the most frequent endophytic strains (frequency of 0.13, 0.10, and 0.09, respectively) ( Table 2) .
At sampling point 2, ITS sequences from isolates AF12, AF13, AF14, AF15, AF16, AF18, AF19, and AF21 showed high similarity with different Penicillium spp. strains ( Table 3 ). The isolates AF22, AF23, and AF24 showed high similarity with the potential plant pathogen strains Phoma sp., Paraboeremia sp., and Podosphaera sp., respectively (Table 3 ). Finally, fungal sequences AF05 and AF20 were classified as Ganoderma spp. (Table 3 ). Penicillium montanense, Penicillium simplicissimum, and Penicillium sanguifluum were more abundant in the rhizosphere of the plants (frequency of 0.19, 0.14, and 0.12, respectively), whereas Phoma sp., P. montanense, and Ganoderma annulare were the most frequent endophytic strains (0.10, 0.08, and 0.06, respectively) ( Table 2 ). The architecture of the root fungal associates was different according to the sampling site. The isolates G. australe, G. annulare, P. montanense, Phoma sp., and Paraboeremia sp. were the fungi that were isolated under both conditions ( Figure 2) (Table 2 ). All the ITS and beta tubulin fungal sequences obtained are available in the GenBank database under accession numbers MK826009-MK826027 and MN603779-MN603794, respectively. 
Production of Plant-Growth-Promoter Metabolites and Organic Acids
Almost no fungal isolates can solubilize phosphate, with the endophytic microorganisms P. montanense, G. australe, and G. annulare being the microorganisms that showed a weak phosphate solubilization activity ( Table 2 ). The maximum IAA production was found in the fungal isolates Penicillium brunneoconidiatum and Phoma sp., with 0.44 and 0.25 µg mL −1 , respectively ( Table 2) . Siderophore production was detected in five fungal isolates, which showed a solubilization halo of 5.2 mm day −1 for Penicillium exsudans, 5.7 mm day −1 for P. sanguifluum, 3.8 mm day −1 for G. australe, 2.6 mm day −1 for P. brunneoconidiatum, and 1.6 mm day −1 for G. annulare ( Table 2 ). 
Almost no fungal isolates can solubilize phosphate, with the endophytic microorganisms P. montanense, G. australe, and G. annulare being the microorganisms that showed a weak phosphate solubilization activity ( Table 2 ). The maximum IAA production was found in the fungal isolates Penicillium brunneoconidiatum and Phoma sp., with 0.44 and 0.25 µg mL −1 , respectively ( Table 2) . Siderophore production was detected in five fungal isolates, which showed a solubilization halo of 5.2 mm day −1 for Penicillium exsudans, 5.7 mm day −1 for P. sanguifluum, 3.8 mm day −1 for G. australe, 2.6 mm day −1 for P. brunneoconidiatum, and 1.6 mm day −1 for G. annulare (Table 2) .
Regarding organic acid production, our results showed different organic acid production rates, which differed according to the isolation source of the fungi (rhizosphere or endophyte) ( Table 2 ). The highest organic acid production rates of the endophytic isolates were recorded in Penicillium wollemiicola (336.9 ± 45.8 and 47.1 ± 8.5 µg mL −1 of citric and oxalic acid, respectively), P. montanense (1698.3 ± 70.3 and 1084.9 ± 52.8 µg mL −1 of lactic and succinic acid, respectively) and Paraboeremia sp. (1084.9 ± 52.8 µg mL −1 of malic acid) ( Table 2 ). The fungal strains isolated from the rhizosphere showed a greater overall organic acid production rate, especially the isolates Penicillium panissanguineum (511.9 ± 11.1 and 1452.2 ± 79.0 µg mL −1 of citric and lactic acid, respectively), Penicillium asperosporum (1393.7 ± 150.9 and 1779.2 ± 68.1 µg mL −1 of succinic and malic acid, respectively) and Penicillium roseopurpureum (137.2 ± 10.0 µg mL −1 of oxalic acid) ( Table 2) 
Discussion
In our study, we performed an analysis of culturable fungi associated with the mycoheterotrophic plant A. uniflora and assessed the potential of rhizosphere and endophytic microorganisms to produce metabolites with a role in promoting plant growth. Previous studies have reported AMF as the main mycorrhizal fungi associated with A. uniflora rhizomes, but our analyses did not show the presence of the characteristic arbuscular mycorrhizal structures, which agrees with previous studies analyzing root colonization with molecular methods being necessary to detect and identify the presence of glomalean fungi [17, 19, 20] (Figure 1 ). However, our results showed a broader range of culturable fungi associated with the roots, ranging from potential plant pathogens and saprophytic fungi to different endophytic fungi (Table 3 ). These fungi are common inhabitants of the soils and do not require a live plant to live, as is the case for AMF [52] . Several studies have shown that fully and partially mycoheterotrophic plants depend on mycorrhizal interactions to complement their nutritional demands, and mycoheterotrophy is key to promoting plant development to further developmental stages [8, 53] . Our results agree with previous studies analyzing mycorrhizal diversity in orchids, in which diverse pathogenic, ectomycorrhizal, and saprophytic fungi are essential to promoting seed germination and plant development [11, 54, 55] . These studies showed that free-living fungi are essential in the first developmental stages of the plants, promoting seed germination and the further growth to plantlets in order to complement the nutritional demands of the embryo, which usually lacks sufficient nutritional reserves to start morphogenesis. As orchid seeds, A. uniflora produce hundreds of dust-like seeds (Figure 1) , which require the external nutritional supply of carbon and mineral nutrients by mycoheterotrophy. At this life stage is when free-living fungi, such as the endophytic fungi isolated in our study, can be useful to start seed germination and promote the first developmental steps, prior to mycorrhization with other fungi, as is reported in the orchid Goodyera pubescens [56] , and some partially mycoheterotrophic orchids from Chile [57] .
The mycorrhizal association of fully or partially mycoheterotrophic plants is influenced by the ecosystem in which the plant grows [58, 59] . Domínguez et al. [16] showed that the rhizome of A. uniflora can host various fungal propagules of AMF and that this kind of mycorrhizal association is the main one in flowering plants. However, our image analyses did not show any signs of arbuscular mycorrhizal colonization. In fact, we found symbiotic structures similar to those reported for ectomycorrhizal and ectendomycorrhizal associations, with several hyphae outside the root cortex and a strong presence of intraradical colonization (Figure 1) [52, 60, 61] , which agree with Domínguez et al. [20] who showed that intraradical fungal colonization is morphologically different to what is reported in arbuscular mycorrhizal plants. Moreover, diverse hyphal coils were noted, similarly to the peloton-like structures reported in orchid mycorrhizal associations, where the mycorrhizal fungi enter the root cortex and form hyphal coils as an interchangeable surface for nutrients and water [62] [63] [64] . Even fully mycoheterotrophic orchids can host ectomycorrhizal and pathogenic fungi inside hyphal coils, suggesting that intraradical colonization can be different according to the plant [54, 65, 66] . Although we did not show the typical arbuscular mycorrhizal structures inside the rhizomes, we do not rule out the mycorrhizal association with AMF, particularly at further developmental stages where the nutritional requirements are greater and the plant can produce metabolites with a key role in fungal attraction. The microhabitats in which A. uniflora grows showed different native plant species, and mixed with different exotic plants (Table 1 ). This change in mycorrhizal associations has been reported for several plants that show different mycorrhizal preferences according to the distribution range, physiology state, and age of the plants [59, [67] [68] [69] . Our results agree with Roy et al. [70] and Martos et al. [71] , who have described saprophytic and litter-decaying fungi associated with the achlorophyllous plants Neottia spp. and Wullschlaegelia aphylla, respectively.
Fungal associations are essential to establishing webs between adjacent plants through fungal mycelia, and these processes are essential for non-photosynthetic plants such as A. uniflora [11, 72] . Recent studies have demonstrated common mycorrhizal networks in which a single fungus can simultaneously associate with unrelated plants, which usually leads to a better plant response to pathogenic fungi, increased growth and carbon transfer, increased photosynthesis, increased uptake of soil nutrients, and tolerance to stress, among others [73] [74] [75] . Furthermore, these processes have been assessed in several mycoheterotrophic plants, in which the mycorrhizal hyphae growing outside the roots are essential to complement plant nutrition [76] . Our study showed saprophytic fungi associated with A. uniflora roots, specifically in individuals sampled at sampling point 2, where several fungi are characteristic of the decaying wood present in the soils. Even though the sampling sites were close to each other, we found a high variation in the fungi associated with the A. uniflora plant. These processes of changing mycorrhizal patterns under different ecosystems have been reported in several orchids [56, 67] A. uniflora plants produce thousands of minute seeds in a single capsule. These seeds are characterized by a poorly developed endosperm with minimal nutritional reserves for the embryo (Figure 1) . A huge number of plants depend on mycorrhizal fungi to compensate for this lack of nutritional reserves for the embryo after an initial infection with a compatible symbiont, which acts as the main nutritional source for the plant [8, 77] . We think that the association with free-living fungi is the way that A. uniflora plants have come to compensate for the poor endosperm, in which mycoheterotrophy is essential in the first developmental stage. Thus, we suggest that a fungal switch may be determinant in the life cycle of the plant, in which AMF may play a crucial role in the adaptation of the plant to pristine ecosystems, which can be essential at further developmental stages as reported by Domínguez et al. [20] and Renny et al. [19] . These are the main mechanisms developed by various non-photosynthetic orchids, in which the association with diverse ectomycorrhizal and saprophytic fungi is necessary throughout life [54, 78, 79] .
Endophytic fungi usually have a positive effect on plant communities, increasing the plant's fitness by conferring abiotic and biotic stress tolerance, increasing biomass, plant growth, and yield by increasing nutrient uptake or suppressing pathogen via antifungal activity [80] . Our results suggest that some of the fungal strains can be considered beneficial endophytes due to their capacity for phosphate solubilization, IAA production, siderophore production, and organic acid exudation, which can help the plant complement its nutritional demands. Our results agree with several studies identifying endophytic fungi as potential plant-growth-promoter microorganisms, as has been reported for cucumber plants treated with Penicillium sp. and Phoma sp., as these improve the plant's defense against disease [81] [82] [83] . Furthermore, several Penicillium spp. have been isolated from the plant's phyllosphere, rhizosphere, and endosphere, as well as from different decaying fruits [84] . Similarly, Soltani and Moghaddam [85] identified Phoma spp. and Penicillium sp. strains associated with a C. sempervirens forest which agree with our results with respect to Phoma sp. in the A. uniflora roots from sampling point 2, where C. sempervirens was the most abundant species. Additionally, in the roots sampled at sampling point 1 we isolated a fungal strain that matched with Rhizoctonia sp., an orchid mycorrhizal fungus associated with Limodorum abortivum, which is often isolated from cortical cells of partially mycoheterotrophic orchids [86, 87] . This finding may underline a critical step at the seed germination stage, but these processes must be addressed in further studies. Despite some of the fungal genera isolated in our study being considered potential plant pathogen strains, the ability of mycoheterotrophic plants to revert the pathogenicity of fungal strains must be considered, particularly if several fungal strains with a protective role are accepted as endophytes, similar to what has been reported for Penicillium janthinellum isolated from the leaves of Panax notoginseng [88] .
Key aspects of the life cycle of A. uniflora remain unclear, especially at seed germination and the time in which AMF begins to be essential for the plant [18] . Considering that colonization by a compatible mycorrhizal fungi is needed for early development in all mycoheterotrophic plants [1] , it is necessary to know which fungi are necessary to start and maintain the developmental processes. The association of the minute seeds with different culturable fungi could represent an opportunity to study the ability of the isolated strains to promote seed germination in artificial media in order to explore more about the molecular regulations of this plant at the first developmental stages. In vitro seed germination of non-photosynthetic plants using compatible mycorrhizal fungi has been achieved in several species, as in the case of the achlorophyllous plants Neottia nidus-avis and Gastrodia elata [89, 90] . Further studies must address the potential of the endophytic microorganisms isolated in our study to promote seed germination to later developmental stages.
Conclusions
Endophytic microorganisms are beneficial to plant physiology by producing different metabolites that can improve growth and fitness in diverse environments. Additionally, the root associations of mycoheterotrophic plants with diverse endophytic fungi could be a crucial step for ecological applications. Our study contributes to understanding the adaptation of A. uniflora to different ecological conditions and describes different interactions with free-living fungi under two different ecosystems in southern Chile. These culturable microorganisms could be considered candidates to study the effects of fungi in seed germination and development of this fully mycoheterotrophic plant. Further studies must address the potential of free-living fungi to promote seed germination under axenic conditions, a previous step to evaluating the molecular mechanisms involved in the life cycle of this mycoheterotrophic plant. 
